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My dissertation addresses two fundamental components of avian biology: nesting 
ecology and molt dynamics.  After the General Introduction (Chapter 1), the second 
chapter aims to describe body mass dynamics of brood rearing female brant. In geese, 
molt follows the most energetically demanding period in the annual cycle, breeding. Our 
goal in this chapter is to assess the competing hypotheses: (1) mass dynamics during molt 
represent adaptive mass loss versus (2) mass dynamics reflect environmental constraint 
on the nutrient balance during molt. We used 16 years of data on Black Brant (Branta 
bernicla nigricans; hereafter brant) at the Tutakoke River Colony (TRC) in western 
Alaska, USA, during which we recorded mass and molt stage to assess the two 
hypotheses for mass dynamics during molt.  We used growth rates of goslings 
accompanying their parents as an index of nutrient availability. Body mass at the 
beginning and end of molt varied substantially among years as did the rate of mass gain 
during the molt.  Both results are inconsistent with the hypothesis that female brant have 
evolved to achieve a target body mass at the end of the molt.  Our finding that rate of 
mass gain during the molt was positively associated with growth rates of goslings across 
years is consistent with the hypothesis that nutrient availability to molting females 
influenced their rate of mass gain.  
There are many disadvantages of living in high densities of conspecifics including 
greater rates of disease and parasite transmission, increased competition for food, 
increased aggressive interactions with conspecifics and greater rates of extra-pair 
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copulations and fertilizations. Yet colonial breeding is a trait common to many species of 
birds found in nine of twenty-three bird orders. Therefore, coloniality must be beneficial 
to maintain this seemingly detrimental grouping behavior. For arctic nesting geese, 
coloniality may be an evolved behavioral strategy to compensate for nesting in open 
tundra where otherwise conspicuous individuals may benefit from predator swamping. In 
my third chapter, we studied the effect of nest density on nest success in colonial nesting 
brant over a 22 year period and explored how density dependent effects change during 
years of heavy arctic fox (Alopex lagopus) predation and flooding associated with 
extreme storm events. We found a positive impact of nest density on brant nest success 
especially in years with intense fox predation. This result supports the hypothesis that 
colonial nesting, at least in tundra habitats, developed as a defense mechanism to swamp 
mammalian predators. 
The evolution of colonial breeding has been attributed to enhanced food finding, 
improved predator defense and, most recently, as important centers for the distribution of 
social information. Decisions based on information from prior experience are expected to 
produce higher fitness than those made in the absence of information. In my fourth 
chapter,  we used a multistate approach in Program MARK to estimate inter-annual 
movement probabilities between the southern and northern areas of the TRC.  We 
hypothesized that brant responded to differences in breeding success between the two 
areas by shifting nest site locations away from areas that experience high fox predation 
rates. We found that on average, individuals were ~3x more likely to move from the area 
with lower nest success to the area with higher nest success. Our results support the 
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hypothesis that brant are able to respond to experiences, though future investigations are 
needed to determine if brant are responding to private or public information when make 
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CHAPTER I: GENERAL INTRODUCTION 
  
Black Brant (Branta bernicla nigricans; hereafter brant), the smallest goose in 
North America, are coastal obligates through their entire annual cycle.  Brant primarily 
breed in four main colonies on the Yukon Kuskokwim Delta (YKD) in western Alaska as 
well as in loose aggregations in the mid-Russian arctic and mid-Canadian arctic (Lewis et 
al. 2013). Brant have been continuously studied at the Tutakoke River Colony (61°15’N, 
165°36’W; hereafter TRC) since 1984 when my advisor, James S. Sedinger, initiated a 
long-term demography and breeding ecology study in response to concerns over the 
decline in the global population of brant. Since the inception of the TRC research project, 
> 40,000 individual brant have been marked with uniquely coded, colored tarsus bands 
and ~50,000 nests have been monitored.  As such, the historic TRC dataset and ongoing 
research efforts are invaluable tools to addressing many questions in ecology that require 
long-term, robust data to capture the stochastic patterns that are characteristic of wild 
populations.   
My dissertation addresses two main themes unique to avian biology, nesting 
ecology and molt body mass dynamics, using the long-term TRC data set.  After the 
general introduction (Chapter 1), my second chapter describes patterns of body mass 
dynamics during the remigial molt of brood-rearing female brant.  Currently, there are 
two distinct hypotheses governing body mass dynamics during the molt. The first 
hypothesis is that body mass dynamics during molt are the result of past selection for 
target mass at the end of the molt which allows an individual to regain flight at the 
earliest possible date (Douthwaite 1976, Owen & Ogilvie 1979). The second is that body 
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mass dynamics are strictly governed by local nutrient availability. I used data collected 
over sixteen years during annual banding drives to assess the validity of these hypotheses.   
There are many disadvantages of living in high densities of conspecifics including 
greater rates of disease and parasite transmission (Brown and Brown 2004, Brown et al. 
2001), increased competition for food (Forero et al. 2002, Rodenhouse et al. 2003), 
increased aggressive interactions with conspecifics (Giroux 1981, Sutherland 1996, 
Sovey and Ball 1998, Ashbrook et al. 2008) and greater rates of extra-pair copulations 
and fertilizations (Hoi and Hoi-Leitner 1997, Møller and Birkhead1992, 1993, Westneat 
and Sherman 1997). Yet colonial breeding is a trait common to many species of birds 
found in nine of twenty-three bird orders (Rolland et al. 1998). In my third and forth 
chapters I investigated two of the proposed advantages of colonial breeding:  as a 
mechanism for predator deterrence (Chapter 3) and as a hub for public information 
(Chapter 4). 
For arctic nesting geese coloniality may be an evolved strategy to compensate for 
nesting in open tundra where otherwise conspicuous individuals may benefit from 
predator swamping. Raveling (1989) has shown that brant nesting in smaller colonies, 
and theoretically less dense, experience higher levels of predation compared to 
individuals from larger colonies. In my third chapter I investigated the effect of nest 
density on brant nest success at the TRC. I used the nest success model in program 
MARK and explored how density dependent effects change during years of heavy arctic 
fox (Alopex lagopus) predation and flooding associated with extreme storm events. 
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The evolution of colonial breeding has been attributed to enhanced food finding 
(Ward and Zahavi 1973, Wittenberger and Hunt 1985), improved predator defense 
(Hoogland and Sherman 1976, Barbosa et al. 1997, Van Dellen unpublished data) and, 
most recently, as important centers for the distribution of social information (Evans et al. 
2015).  In my forth chapter, I examine the potential for individual brant to use public 
information when making decisions about within colony dispersal decisions between 
consecutive nesting attempts. We used a multistate approach in Program MARK to 
estimate inter-annual movement probabilities between the southern and northern areas of 
the TRC.  We hypothesized that brant responded to differences in breeding success 
between the two areas of the colony by shifting nest site locations away from areas that 
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CHAPTER II: AVAILABLE NUTRIENTS CONTROL BODY MASS DYNAMICS 
OF BROOD-REARING FEMALE BRANT DURING MOLT 
 
INTRODUCTION  
The period of molt represents a key life-history phase because the integument 
wears but is essential to insulation and water repellency (Dyck 1985), status symbolling 
(Rohwer 1975) and flight (Parkes 1966, Maderson 1972, Feduccia 1993, 1996).  Molt 
produces costs of three kinds: (1) production of substantial quantities of protein (keratin) 
containing high concentrations of Sulphur amino acids (Murphy & King 1984); (2) 
increased energy expenditure associated with changes in metabolic processes and/or 
reduced quality of insulation (Payne 1972, King 1980, Murphy and King 1990, 1991, 
Lindström et al.1993); and (3) in birds flight is either negatively impacted (Swaddle et al. 
1997) or completely precluded (Woolfenden 1976, Hohman et al. 1992, Livezey 1989).  
Consequently, molt is typically scheduled to minimize overlap with life-history phases 
that require high energy expenditure (e.g., breeding, Svensson & Nilsen 1997) or when 
efficient flight is essential (e.g., migration, Kjellén 1994, Barta et al. 2008).  The need to 
replace feathers following breeding may create carry-over effects from one breeding 
season to the next (Dawson et al. 2000). 
Individuals typically lose mass during molt (Hanson 1962, Owen & Ogilvie 1979, 
Portugal et al. 2007, Lewis et al. 2011, Gehrold & Köhler 2013) although in other studies 
mass has remained relatively stable through the molt (Ankney 1979, 1984, Raveling 
1979, Fox et al. 1998).  These patterns have led to two hypotheses explaining mass 
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dynamics during molt.  First, mass loss during molt has been explained in non-adaptive 
terms as the inability to meet the nutritional demands of maintenance and tissue 
production during molt (Hanson 1962, Fox & Kahlert 2005, Lewis et al. 2011, Gehrold & 
Köhler 2013).  Alternatively, mass loss during molt has been explained as an adaptive 
mechanism where-by individuals a) reduce activity (i.e. movement and foraging) and use 
stored lipids to reduce predation risk associated with conspicuous movement (Panek & 
Majewski 1990, Fox et al. 1998, Portugal et al. 2007, 2011, Fondell et al. 2013) or b) 
reduce the duration of the flightless period by allowing individuals to regain flight earlier 
(Douthwaite 1976, Owen & Ogilvie 1979, Fondell et al. 2013).   Under the latter 
hypothesis, one expects a relatively consistent target mass (relative to structural size) 
allowing individuals to regain flight before growth of flight feathers is complete. 
In geese, molt follows the most energetically demanding period in the annual 
cycle, breeding (Ricklefs 1974, Walsberg 1983).  By the end of incubation female arctic-
nesting geese are at an annual low body mass due to their investment in eggs and 
incubation (Ankney & MacInnes 1978, Raveling 1979, Owen & Black 1989, Ebbinge & 
Spaans 1995, Eichholz & Sedinger 1999).  Breeding female geese must therefore restore 
nutrients depleted during nesting in preparation for fall migration (Sedinger & Bollinger 
1987).  In geese, failed and non-breeders often undertake a molt migration to areas where 
flightlessness is less disadvantageous (Salomonsen 1968) abundant or nutritious foods in 
proximity to water bodies that provide escape habitat (Derksen et al. 1982).  In contrast, 
successful breeders are constrained to molt in relatively close proximity to their breeding 
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grounds while attending their flightless young as the timing of molt overlaps with the 
brood-rearing period.   
Previous studies examining body mass dynamics of brood rearing waterfowl 
during molt have found that brood rearing females begin to acquire mass directly after 
hatch before the onset of molt and are able to maintain mass during the course of the 
flightless period (Fondell et al. 2013). Other studies found that failed- and non-breeders, 
when they migrated from the breeding grounds to molt sites, gain more mass before molt 
than successful breeders and then lose mass during the molt (Lewis et al 2011). These 
differences in body mass dynamics during molt between brood-rearing individuals and 
non-breeders might be due to more and higher quality food associated with molting areas 
at more northern latitudes (Derksen et al. 1982, Fondell et al. 2013) and lack of 
competition with socially dominant families (Lamprecht 1986, Black & Owen 1989, 
Gregoire & Ankney 1990, Loonen et al. 1999, Stahl et al. 2001).  
Our goal is to assess the competing hypotheses: (1) mass dynamics during molt 
represent adaptive mass loss versus (2) mass dynamics reflect environmental constraint 
on the nutrient balance during molt. Under hypothesis one we predict individuals will 
achieve a relatively constant mass at the end of molt after controlling for body size.  
Under hypothesis two we predict variation in mass at the end of molt, with mass 
dynamics governed by nutrient availability during the molt.  We used 16 years of data on 
Black Brant (Branta bernicla nigricans; hereafter brant) at the Tutakoke River Colony 
(TRC) in western Alaska, USA, during which we recorded mass and molt stage to assess 
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the two hypotheses for mass dynamics during molt.  We used growth rates of goslings 
accompanying their parents as an index of nutrient availability. We assumed nutrients 




 During 16 years from 1992 – 2013 we sampled molting brant at brood rearing 
areas associated with the TRC (61°N, 165°W) on the Bering Sea coast of the YKD in 
western Alaska. The YKD historically represented >70% of the entire breeding 
population of Black Brant (Sedinger et al. 1993). Brood-rearing areas extend from the 
coast up to 20 km inland and consisted of tidally influenced salt marshes, sedge 
meadows, tidal sloughs, small ponds and mud flats (Jorgenson 2000, Lake et al. 2008).  
The vegetation community was dominated by grasses and sedges, including Hoppner’s 
Sedge (Carex subspathacea) and alkali grasses (Puccinella spp.), the predominant foods 
of brant during nesting and brood rearing (Person et al. 2003).  On the YKD geese 
consume up to 95% of the biomass of these foods (Person et al. 1998, Schmutz et al. 
2002, Person et al. 2003) and gosling growth rates are influenced as a result (Sedinger et 
al. 2001, Lake et al. 2008, Hupp et al. 2017).   
Field Methods 
Molting adults and broods were herded into corral traps (Sedinger et al. 1997) 
during the adult remigial molt. We determined sex by cloacal examination and assessed 
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breeding status of female brant based on the presence or absence of a brood patch (Owen 
1980). We measured body mass of both goslings and adults using an electronic balance 
(± 1.0 g), and total tarsus and culmen using dial calipers (± 0.1 mm; Dzubin & Cooch 
1992).  We measured ninth-primary length (± 0.1 mm) on the distal side of the rachis 
between the ninth and tenth primaries (Dzubin & Cooch 1992, Taylor 1995).  All 
handling of animals was approved by the Institutional Animal Care and Use Committee 
of the University of Nevada Reno, most recent protocol no. 00056. 
Statistical Methods 
We designed analyses to enable us to distinguish between the two principal 
hypotheses: (1) mass dynamics during molt are adaptive, whereby individuals achieve a 
target mass at the end of molt; versus (2) mass dynamics are constrained by nutrient 
balance during molt.  Under hypothesis 1 we predicted that mass at the end of molt would 
be constant across years irrespective of mass at the beginning of molt, and secondarily 
that female brant would lose mass when beginning molt at higher mass.  Under 
hypothesis 2 we predicted annual variation in mass at the end of molt.  Secondarily, 
under hypothesis 2, we predicted that female brant would gain mass at higher rates during 
years when gosling growth rates were higher. 
We developed an index of structural size using the following equation: 
                             . 
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We used linear regression models for each of the 16 years (1992-95, 2000, 2002, 2004-
13) using the lm package in R (version 3.1.2) to estimate mass at the start of molt (ninth 
primary length = 0 mm), rate of mass change during molt (gmm
-1
), and mass at the end of 
molt (ninth primary length = 158 mm).  Models included ninth primary length and 
structural size and female mass as the response variable.   We evaluated overlap of 95% 
confidence intervals of estimates of mass at the start and end of molt to assess the 
existence of annual variation in these estimates. 
We performed a second analysis to assess the relationship between foraging 
conditions (as evidenced by growth rates of goslings) and mass dynamics of brant 
females during molt.  We also used the lm package in R for this analysis.  The model 
included female mass as the response variable, and structural size, ninth primary length, 
mean mass of goslings at 30 days of age, and the interaction between ninth primary 
length and gosling mass as explanatory variables.  The interaction between ninth primary 
length and gosling mass allowed us to assess the hypothesis that rates of mass gain varied 
as a function of foraging conditions.  Gosling mass represents a reasonable index of 
foraging conditions because several studies have directly linked mass late in the 
development period to forage biomass on grazing lawns where brant broods feed during 
molt (Sedinger et al. 2001, Lake et al. 2008, Hupp et al. 2017).  We predicted that the 
interaction would be positive if foraging conditions influenced rate of mass gain by brant 
females during molt. That is, females would gain mass at greater rates as molt progressed 
during years when goslings had grown more rapidly. 
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We restricted our analysis to after-second-year (>2 years old; hereafter adult) 
breeding female brant to limit potential confounding factors associated with age and 
breeding status that may influence body mass dynamics during molt.  We confirmed that 
females included in the analysis had nested by the presence of a brood patch. Even 
though the majority of failed breeders from the breeding colonies migrate to Alaska’s 
north-slope or elsewhere in the arctic to molt (Bollinger & Derksen 1996) it is possible 
that our sample included a small proportion of failed breeders who lost their nests or 
broods late in the incubation or early in the brood-rearing period.  For females that were 
captured in multiple years we included a single randomly chosen observation in our 
analysis.   
RESULTS 
We weighed and measured 1614 unique females during the study.  Patterns of 
mass dynamics during molt varied among years (Fig. 2-1). Mass increased significantly 
during molt during 1993, 2006 and 2012.  Trends in mass during molt did not differ from 
zero during the other years of the study, although point estimates of slope were negative 
during 1994, 1995, 2002, and 2011.  Mass at the beginning and end of molt varied 
substantially among years (Fig. 2-2); mass tended to be higher at the start of molt in 1992 
and 2002, while mass was high at the end of molt in 1992, 1993, 2006 and 2012.  
Because of annual variation in the rate of mas change during molt, masses at the start and 
end of molt were very weakly correlated (r = 0.23, p =0.39).  When we included mean 
gosling mass in models of mass during molt, coefficients (± 95% CIs) for the effects of 
ninth primary length (β = -1.64 ± 1.24), gosling mass (β = -0.22 ± 0.12) and the 
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interaction between ninth primary length and gosling mass (β = 0.0031 ± 0.002) all 
differed from zero.  The positive interaction between ninth primary length and gosling 
mas indicated that adult female brant gained mass more rapidly in years when goslings 
grew faster.  Predicted mass during molt from this analysis suggested that females 
initiated molt lighter gained mass more rapidly and ended molt heavier in years when 
goslings grew more rapidly than in years when growth conditioned were not as good for 
goslings (Fig. 2-3).  In these latter years females initiated molt heavier but gained little 
mass during the molt. 
DISCUSSION 
Body mass at the beginning and end of molt varied substantially among years 
(Fig. 2-2) as did the rate of mass gain during the molt (Fig. 2-1).  Both results are 
inconsistent with the hypothesis that female brant have evolved to achieve a target body 
mass at the end of the molt.  Our finding that rate of mass gain during the molt was 
positively associated with growth rates of goslings across years is consistent with the 
hypothesis that nutrient availability to molting females influenced their rate of mass gain 
(Fig. 2-3).  That said, substantial individual variation in mass at various stages of molt 
existed (Fig. 2-1), which we cannot explain in this paper.  It is certainly possible that this 
remaining variation reflected variation in brood-rearing strategies.  For example, females 
may have traded off increase vigilance during brood-rearing (e.g., Sedinger et al. 1995) 
against foraging to increase their body mass.  Alternatively, variation in mass during molt 
could reflect variation in social status and access to high quality foraging areas (Mulder et 
al. 1995). 
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Our finding that female brant initiated molt at lower mass, gained mass more 
rapidly and ended molt heavier when gosling growth was higher suggests the hypothesis 
that adult female brant were able to assess their ability to gain mass during molt.  In years 
when foraging conditions were good, females invested more in incubation or early brood 
rearing with the knowledge that foraging conditions would allow them to gain more mass 
during the molt itself.  Adult female brant spend substantial time foraging during 
incubation (Eichholz & Sedinger 1999) so it is possible they were able to “evaluate” 
foraging conditions and alter incubation behavior as a result.  Of course, adult females are 
tending their broods following hatch and would be continuously monitoring foraging 
conditions, thereby allowing them to modify their behavior during this period 
accordingly. 
For brant, data on mass dynamics during molt exist for both failed breeders 
(Taylor 1993, Lewis et al. 2011) and successful breeders (Fondell et al. 2013) from the 
same population.  Failed breeding adult females initiated molt about 133 g heavier than 
did females attending broods (Lewis et al. 2011, Fondell et al. 2013) suggesting that 
females that underwent molt migration experienced a nutritional advantage over females 
attending broods immediately following hatch.  More importantly for this paper, 
differences between mass trajectories of successful and failed breeders during molt 
suggests that mass dynamics are governed by processes more complex than the 
hypotheses we described in the Introduction.  Specifically, combined results of this study 
and Taylor (1993), Fondell et al. (2011), and Lewis et al. (2011) suggest the possibility 
that a target mass at the end of molt that represents a balance between regaining flight at 
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the earliest stage of feather growth possible (Douthwaite 1976, Owen & Ogilvie 1979) 
and restoring nutrients depleted during egg laying and incubation (Ankey 1984, Raveling 
1979).  That is, mass gain during molt might be restrained below that made possible by 
nutrient availability because of the delay in regaining flight that would result.   
Family size in geese has been shown to be an important predictor of dominance 
(Lamprecht 1986, Gregoire & Ankney 1990, Loonen et al 1999, Stahl et al. 2001) and 
social status during winter influences body mass dynamics in Dark-bellied Brant (Branta 
bernicla bernicla; Poisbleau et al. 2006). Therefore it is possible that family group size 
and accompanying social status during the molt may influence behavior, specifically in 
time spent being vigilant versus feeding, that could affect body mass dynamics. Sedinger 
et al. (1995) determined that brood size did not influence overall behavior of brant during 
the brood rearing period, though the percentage of time spent alert was positively 
correlated with brood size for adult male brant. Even though Sedinger et al. (1995) failed 
to report variation in behavior among females from different family sizes, larger family 
groups may have been able to access more nutritious grazing lawn.  
17 
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Figure 2-1.  
Mass dynamics of Black Brant females during the remigial molt at the Tutakoke River 
colony in western Alaska, USA, between 1992 and 2013.  Slopes of annual trends (± 95% 
CI) based on linear regression are as follows: 0.195 (-0.313  0.703), 0.531 (0.006  
1.056), -0.321 (-1.019  0.377), -0.068 (-0.870  0.734), 0.365 (-0.211 0.941), -0.256 (-
0.670  0.158), 0.236 (-0.448  0.920), 0.080 (-0.249  0.409), 1.007 (0.458  1.556), 
0.398 (-0.104  0.900), 0.306 (-0.443  1.055), 0.559 (-0.070  1.188), 0.258 (-0.385  
0.901), -0.141 (-0.574  0.292), 0.883 (0.191  1.575), 0.342 (-0.518  1.202).  Intercepts 




Figure 2-2.  
Predicted mean mass at the start (ninth primary = 0 mm) and end (ninth primary = 160 







Figure 2-3.  
Predicted mass of female brant as a function of ninth primary length, mean gosling mass 
at 30 days in each year, and the interaction between the two. 
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CHAPTER III: TOO CLOSE FOR COMFORT? A LONG TERM 




The disadvantages of living in high densities of conspecifics are many, including 
greater rates of disease and parasite transmission (Brown and Brown 2004, Brown et al. 
2001), increased competition for food (Forero et al. 2002, Rodenhouse et al. 2003), 
increased aggressive interactions with conspecifics (Giroux 1981, Sutherland 1996, 
Sovey and Ball 1998, Ashbrook et al. 2008) and greater rates of extra-pair copulations 
and fertilizations (Hoi and Hoi-Leitner 1997, Møller and Birkhead1992, 1993, Westneat 
and Sherman 1997). Yet colonial breeding is a trait common to many species of birds 
found in nine of twenty-three bird orders (Rolland et al. 1998). Therefore, coloniality 
must be beneficial to maintain this seemingly detrimental grouping behavior. 
Wittenberger and Hunt (1985) suggested that colonial breeding may be an adaptive 
method to minimize losses during the breeding season through predator swamping. Yet 
evidence for predator swamping is inconclusive as there are reports of nest predation 
rates both increasing (e.g. Tinbergen et al. 1967, Burger 1984, Brown and Brown 1996, 
Larivière and Messier 1998) and decreasing (e.g. Götmark and Andersson 1984, 
Robinson 1985, Raveling 1989, Clode 1993, Birkhead and Nettleship 1995, Brunton 
1999) with increasing nest density while other studies are inconclusive (Major and 
Kendal 1996, Ackerman 2004).   
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For waterfowl, coloniality appears to be correlated with rare breeding habitats 
related to either safety or exceptionally nutritious brood-rearing sites (Anderson and 
Titman 1992). For arctic nesting geese, coloniality may be an evolved behavioral strategy 
to compensate for nesting in open tundra where otherwise conspicuous individuals may 
benefit from predator swamping. Raveling (1989) has shown that Black Brant (Branta 
bernicla nigricans; hereafter brant) nesting in smaller colonies experience higher levels 
of predation compared to individuals from larger colonies. Nest densities are typically not 
uniform across a breeding colony, and therefore it is possible that individuals within a 
single colony experience differential protection from predators.  
Over time colonies expand, contract or shift, depending on a variety of forces 
such as adult survival and recruitment that drive population size, or through external 
forces such as climate change that can impact breeding habitat and other factors that 
affect behavior (e.g., predator abundance; LaRue et al. 2013, Anderson et al. 2015). 
These same forces have the potential to affect within-colony variation in nest density 
(Lindberg et al. 1995). Historically, flooding associated with extreme weather events has 
been a less significant source of nest failure for brant compared to predation (Anthony et 
al. 1991). But, as the globe continues to warm due to anthropogenic climate change, 
waterbirds and other coastal obligates will be subject to rising sea levels (Clark et al. 
2016, Koppa et al. 2016, Sedinger et al. 2016) as well as an increase in extreme weather 
events (Harley et al. 2006). Under climate change, coastal nesting species may face a new 
tradeoff scenario between predation and flood risk.  
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We studied the effect of nest density on nest success in colonial nesting brant and 
explored how density dependent effects change during years of heavy arctic fox (Alopex 
lagopus) predation and flooding associated with extreme storm events. Brant maintain 
long-term pairbonds (Leach 2015) and are virtually completely faithful to their nesting 
colony once they have nested (Lindberg et al. 1998, Sedinger et al. 2008).  To address 
cross-colony patterns of density we sampled the same 100 m diameter plots (n = 49), 
every breeding season for 22 years and used density on these plots as an individual 
covariate in our nest survival analysis. Our long-term data set is uniquely suited to 
address questions regarding spatial dynamics over time. This study also builds on earlier 
work describing the benefits of nesting in high-density brant colonies (Raveling 1989). 
METHODS 
Study Site 
The study area is just north of Hazen Bay in the central portion of the Yukon-
Kuskokwim Delta, on the Tutakoke River brant colony (hereafter TRC; 61°15’N, 
165°36’W). The TRC is one of 4 brant colonies on the Yukon Delta National Wildlife 
Refuge and has been the focus of a long term study on brant nesting ecology and 
demography (1984 – current). Brant are a relatively small (approx. 1.5 kg) sea goose with 
a relatively long life span (average 12 years, maximum 27 years) and females 
demonstrate high levels of fidelity to their natal colonies (Sedinger et al. 2008).  
The TRC covers roughly 12 km
2
 near the confluence of the Tutakoke and 
Kashunuk Rivers on the edge of the Bering Sea. We divided the TRC into two 
geographic strata, the Northern colony and the Southern colony. The two strata are 
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physically separated by the Tutakoke River and are characterized by significantly 
different geomorphology, producing very different surface forms and ecological 
characteristics in the two strata (Jorgenson 2000). The Northern colony contains delta 
active-floodplain deposits and tidal flats and is dominated by brackish wet sedge 
meadows, brackish levee moist herb meadows, brackish wet sedge-shrub meadows 
interspersed with barren tidal flats, and is dominated by graminoids and forbs (Jorgenson 
2000). The Southern colony consists of inactive floodplain, consisting mostly of brackish 
wet sedge-shrub meadows, slightly brackish shallow open water with minor amounts of 
slightly brackish depression wet sedge meadows and contains a wide range of species and 
growth forms including Carex ramenskii, Argentilla (=Potentilla) egedii, Poa eminens, 
and Calamagrostis deschampsioides (see Tables 4 & 6 in Jorgenson 2000 for specific 
differences in vegetation in the two strata).  Furthermore the two areas are distinguished 
by very different elevational profiles. The Northern colony, or active flood plain, has of a 
mean elevation of 1.74 m (± 0.26 SD) while the Southern colony, or inactive flood plain, 
has of a mean elevation of 1.99 (± 0.22 SD, Jorgenson 2000). The difference of 0.25 m 
leads to the two strata experiencing very different amounts of sea water inundation during 
flooding events. During the 22 years of this study, the colony experienced flooding 
during the nesting season during 6 years but only on the Northern colony.  
Field Methods 
We systematically searched 49, 100 m diameter plots placed randomly across the 
TRC every 4 days from the beginning of nest initiation until the end of egg laying. Brant 
nests were marked in the field with two types of nest markers labeled with a unique nest 
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number. A 0.5 m bamboo stake with a 10 x 10 cm placard was placed approximately one 
meter to the north of the nest and a small wooden tongue depressor was sunk into the 
outer edge of the nest bowl in case the bamboo nest marker was lost. We searched plots 
on a four day schedule until egg laying was complete.  Nests were checked periodically 
throughout the incubation period and checked again one to three days before nests began 
hatching. We made a final visit to the nest after the family group had left for the brood 
rearing grounds to ascertain nest fate. Nests were considered successful if at least one egg 
hatched, as indicated by the presence of egg shell caps and/or unvascularized membranes. 
This research was conducted in compliance with the Guidelines to the Use of Wild Birds 
in Research. All research was approved by the Institutional Animal Care and Use 
Committees of the University of Alaska Fairbanks and the University of Nevada Reno. 
Most recent protocol number 00056. 
Statistical Analysis 
We evaluated whether factors of interest influenced brant nest success by 
examining the performance of a set of competing, biologically meaningful hypotheses 
using maximum-likelihood estimation in the nest survival module in Program MARK 
(White and Burnham 1999, Dinsmore et al. 2002). We used a multistep approach to 
construct models, and to prevent overfitting the data we only considered a small 
biologically relevant set of models (Burnham and Anderson 2002, Dinsmore et al. 2002). 
First we selected the best model with only temporal variables (see below) and then used 
the best temporal structure for all other models to assess the relative importance of each 
covariate. We assumed an exposure period of 27 days after the first egg was laid.  
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We incorporated covariates specific to individual nests and z standardized them. 
We also used the logit transformation in Program MARK to link the response and 
explanatory variables (Dinsmore et al. 2002, Traylor et al. 2004). We treated each year of 
our study as a grouping variable and therefore had 22 groups in our analysis. To account 
for the potential effect of local nest density on nest success we calculated the number of 
brant nests within each 100 m diameter plot and used this standardized value as an 














) accounted for variation associated with nest age, relative 
timing of nesting and annual variation in nesting phenology.  We used location on the 
colony, North or South as an individual binomial covariate (Location). We also included 
interaction terms between the type of year (FOX, FLOOD, or NORMAL; see below for 
explanation of year type covariate) and Location to allow for variation between these 
year type and location combinations.  
We used data from our long term study of nests from previously banded brant (see 
Lindberg et al. 1997 for detailed methods) to determine a binomial covariate that would 
distinguish each year of the study as a year that experienced significant fox predation (i.e. 
>50% of predation events were attributed to foxes; FOX), extreme weather events that 
resulted in nests being completely or partially destroyed by inundation by sea water from 
the Bering Sea (FLOOD) or neither (NORMAL). Nests were considered predated by fox 
if multiple whole eggs were missing from the clutch during subsequent nest visits. We 
used the larger dataset of nests from previously marked brant to determine the binomial 
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year covariate (FOX, FLOOD or NORMAL) because unlike plot nests, nests of 
previously marked brant were checked almost daily during the nesting season allowing us 
to positively deduce the cause of nest failure.  
RESULTS 
We monitored 5,760 brant nests in the same 49 plots distributed across the TRC 
from 1990 until 2012, with the exception of 2007 when we arrived at the colony after 
incubation had commenced. We attributed >50% of predation events to fox predation in 
the following years: 1994, 1997, 2001, 2003, 2008 and 2011, which were thus labeled 
FOX years. The following years experienced flooding events: 1990, 1991, 1992, 1995, 
2009 and 2010 and were labeled FLOOD years. The following years experienced neither 
major fox predation nor flooding events: 1993, 1996, 1998, 1999, 2000, 2002, 2004, 
2005, 2006 and 2012 and were thus labeled NORMAL years. 
Nest density at the TRC was highly variable, ranging from 0 to >50 nests/100 m 
diameter plots. Mean density for the Southern colony plots was 6.69 ± 0.20 brant 
nests/100 m diameter plot (mean ± SE; n = 874 plot-year combinations) while the mean 
density for the Northern colony plots was slightly higher 10.60 ± 0.64 brant nests/100 m 
diameter plot (mean ± standard error of the mean; n = 188 plot-year combinations). The 
mean effective density (Lewontin and Levins 1989), the density at which the average 
brant nested, was 12.87 ± .12 nests/plot (mean ± standard error of the mean; n = 1062 
plot-year combinations over the course of the study) (Fig. 3-1).  
Our most competitive model during FOX years included an interaction between 
FOX years and Location in addition to the following covariates Density, NID
2




. This model received all of the support (ωi = 1.00; Table 3-1). Parameter estimates 
indicate support for a positive effect of nest density on nest success in FOX years (β = 
0.13 ± 0.03). The interaction parameter estimate between FOX years and Location 
indicates support for nest success varying between Locations (Northern or Southern 
colony) during FOX years (β = 0.29 ± 0.11). In FOX years, nest success was highest at 
the highest nest density (55 nests/100 m diameter plot) in the Northern colony (0.62 ± 
0.008; Fig. 3-2). Nest success was the lowest at the lowest nest density (1 nest/100 m 
diameter plot) in the Southern colony (0.29 ± 0.005; Fig. 3-2) during FOX years.  
Our best model during FLOOD years included an interaction between FLOOD and 
Location in addition to Density, NID
2
 and Nest Age
2
. This model received the majority of 
the weight (ωi = 0.63; Table 3-1). The second best model included an interaction between 
Flood and Location in addition to NID
2
 and Nest Age
2
. This model received less support 
(ωi = 0.35; Table 3-1). Parameter estimates indicate only weak support for a positive 
effect of nest density on nest success in FLOOD years (β = 0.05 ± 0.03). The interaction 
parameter estimate between FLOOD years and Location indicates minimal support for 
nest success differing between Locations during FLOOD years (β = -0.21 ± 0.14). Nest 
success was slightly higher in the Southern colony compared to the Northern colony at 
both low (1 nest/100 m diameter plot; Southern colony = 0.69 ± 0.006 vs. Northern 
colony = 0.67 ± 0.008) and medium nest densities (13 nest/100 m diameter plot; Southern 
colony = 0.71 ± 0.004 vs Northern colony = 0.68 ± .007; Fig. 3-2). At the highest density 
(55 nests/100m diameter plot) nest success during FLOOD years was slightly higher in 
the Northern colony (0.71 ± 0.007) versus the Southern colony (0.68 ± 0.009).  
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Our best model during Normal years included NORMAL, NID
2
 and Nest Age
2
 
and received the majority of the weight (ωi = 0.64; Table 3-1). The second best model 
included NORMAL, Density, NID
2
 and Nest Age
2
 and received less support compared to 
the top model (ωi = 0.35; Table 3-1). During NORMAL years, the interaction term 
between NORMAL and Location was not included in the top model (Table 3-1) 
indicating no support for a difference between nest success in the Northern versus 
Southern colony. Nest success was the highest at the highest density (55 nests/100m 
diameter plot) during Normal years (0.81 ±0. 005) while nest success at medium (13 
nest/100 m diameter plot; 0.80 ± 0.003) and low densities (1 nest/100 m diameter; 0.79 ± 
0.003) were virtually identical.  
Nest success was greatest at the highest density (55 nests/100 m diameter plot) 
during NORMAL years (Northern colony nest success 0.81 ± 0.005; Southern colony 
nest success 0.81 ± 0.005) and lowest in the lowest density (1 nest/ 100 m diameter plot) 
plots during FOX years (Northern colony nest success 0.38 ± 0.008; Southern colony nest 
success 0.31 ± 0.005). Nest success was routinely higher during NORMAL years at all 
densities in both Locations compared to FLOOD years and FOX years (Table1; Fig. 3-2).    
DISCUSSION 
We found a positive impact of nest density on brant nest success especially in 
years with intense fox predation (Fig. 3-2). Our results are similar to other studies of 
colonial nesting species that have found reproductive success is favored by high or 
intermediate densities (Parsons 1976, Birkhead 1977, Burger 1984, Murphy and Schauer 
1996, Bêty et al. 2001, Picman et al. 2002), though variation in the strength of the effect 
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exists.  Our results indicate that brant benefit from nesting in dense areas of the colony, 
particularly during years of heavy fox predation. This result supports the hypothesis that 
colonial nesting, at least in tundra habitats, developed as a defense mechanism to swamp 
mammalian predators. Brant do not defend or otherwise actively deter arctic foxes from 
their nests (Sedinger personal communication) therefore predator swamping is most 
likely the primary mechanism driving higher nest success in high density areas of the 
colony and not group vigilance.   
Brant in the Northern area of the TRC experienced substantially higher nest 
success during FOX years while brant in the Southern area experienced higher nest 
success in FLOOD years. Since the start of the long-term study at the TRC in the early 
1980’s, the densest area of the colony has shifted from the Southern colony to the 
Northern colony (Sedinger personal communication). This shift in the concentration of 
nests may be a response to the heightened predation pressure experienced in the Southern 
reaches of the colony. Yet with the increase in flood risk due to climate change, the 
potential advantages of nesting in the flood-prone Northern portions of the TRC (Clark et 
al. 2016, Koppa et al. 2016, Sedinger et al. 2016) are uncertain.  
Our results are based on nest success from brant nests within the same 49, 100 m 
radius plots over the 22-year study. While this method allowed us to use a true measure 
of nest density (instead of a nearest neighbor estimate that is presented in other studies), 
we are restricted to inferences based on these specific geographic locations. Yet we 
believe the plots, which were initially randomly placed throughout the colony, capture the 
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varying habitats that make up the TRC and are thus are a representative sample of 
habitats and conditions experienced by brant nesting on the TRC.  
The TRC is one of four brant colonies on the Yukon Kuskokwim Delta all of 
which are declining (Wilson et al. 2012). Our results add to the body of knowledge that 
demonstrates important density dependent feedbacks that exist within brant life history 
(e.g. grazing lawns and gosling growth rates in Person et al. 2003) and suggest another 
mechanism that may be contributing to the decline of brant colonies on the Delta. In a 
previous paper, we showed that sporadic fox predation during nesting leads to an 
extended but lagged period of reduced recruitment of offspring into the breeding 
population through the reduction of grazing lawn habitat that is critical to gosling growth 
(Sedinger et al. 2016). Our results here show that when the density of nests, not just the 
number of nests, on the colony reaches a certain level, the colony becomes more 
vulnerable to fox predation, thus reducing nest success which has a direct negative effect 
on recruitment.  
In the future we will focus on the long-term fitness consequence of nest site 
location and nest density. Based on preliminary analysis we know that nest failure leads 
to a significant decline in an individual’s future breeding probability (T. Riecke 
unpublished data). Yet for the individuals who do return to the TRC to breed, do they 
make nest site selection choices based on past experiences? Specifically, does an 
individual react to past predation events by moving away from a failed nest site or 
regions of the colony exposed to a particular risk (e.g, fox predation)? The response of 
brant to their experience has the potential to impact the structure of the colony, especially 
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in the face of changing threats. Such responses also have important implications for the 
future fitness of individual brant under changing threats, and thus, the persistence of these 
populations. 
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Model Δ AICc ωi No. Param. Deviance
Fox*Location + Density + NID2 + Nest Age2 0.00 1.00 9.00 11091.35
Fox*Location + NID2 + Nest Age2 23.13 0.00 8.00 11116.48
Fox*Location + Density + NID + Nest Age2 68.21 0.00 8.00 11161.56
Fox*Location + Density*NID + Density + NID + Nest Age2 69.66 0.00 9.00 11161.01
Fox*Location + Density + Mean NID2 + Nest Age 84.40 0.00 9.00 11175.75
Fox*Location + NID + Nest Age2 87.01 0.00 7.00 11182.36
Fox*Location + Mean NID2 + Nest Age2 110.07 0.00 8.00 11203.42
Fox*Location + Density + Mean NID + Nest Age2 161.19 0.00 8.00 11254.54
Fox*Location + Density + Nest Age2 162.02 0.00 7.00 11257.37
Fox*Location + Mean NID + Nest Age2 179.46 0.00 7.00 11274.81
Fox*Location + Nest Age2 179.88 0.00 6.00 11277.23
Fox + Location + Nest Age2 186.31 0.00 5.00 11285.66
Fox + Nest Age2 195.69 0.00 4.00 11297.04
Fox + Linear Nest Age 349.83 0.00 3.00 11453.18
Fox 534.01 0.00 2.00 11639.36
. 1258.42 0.00 1.00 12365.77
Flood*Location + Density + NID2 + Nest Age2 0.00 0.63 9.00 11815.64
Flood*Location + NID2 + Nest Age2 1.03 0.37 8.00 11818.67
Flood*Location + Mean NID2 + Nest Age2 12.55 0.00 8.00 11830.19
Flood*Location + NID + Nest Age2 74.31 0.00 7.00 11893.95
Flood*Location + Mean NID + Nest Age2 78.28 0.00 7.00 11897.92
Flood*Location + Nest Age2 92.25 0.00 6.00 11913.89
Flood + Location + Nest Age2 93.99 0.00 5.00 11917.63
Flood + Nest Age2 97.02 0.00 4.00 11922.66
Flood + Linear Nest Age 266.34 0.00 3.00 12093.98
Flood 513.31 0.00 2.00 12342.95
{.} 534.13 0.00 1.00 12365.77
Normal + NID2 +  Nest Age2 0.00 0.64 6.00 11406.86
Normal + Density + NID2 +  Nest Age2 1.20 0.35 7.00 11406.06
Normal + Mean NID2 + Nest Age2 9.36 0.01 6.00 11416.22
Normal + NID +  Nest Age2 81.37 0.00 5.00 11490.24
Normal + Mean NID + Nest Age2 113.08 0.00 5.00 11521.94
Normal + Nest Age2 117.16 0.00 4.00 11528.03
Normal + Location + Nest Age2 118.70 0.00 5.00 11527.56
Normal*Location + Nest Age2 120.28 0.00 6.00 11527.14
Normal + Linear Nest Age 280.53 0.00 3.00 11693.39
Normal 494.72 0.00 2.00 11909.59
. 948.91 0.00 1.00 12365.77
Table 3-1. Performance of Nest Survival models from Program MARK used to explain variation in brant nest success at the 
TRC on the YK Delta, Alaska, during years that experienced substantial fox predation (Fox), extreme flooding (Flood) or 
neither substantial predation or flooding events (Normal). Location refers to the southern or northern portion of the 
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Figure 3-1.  
 
Box plot representing the densities of brant nests on plots at the North and South sections 




Figure 3-2.  
Nest success model results from top models that include the Density covariate for Fox 
years, Flood years, and Normal years at varying levels of nest density (See Table 3-1). 
Closed symbols represent the Northern colony while open symbols represent the 
Southern.    
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CHAPTER IV: INTER-ANNUAL WITHIN COLONY DISPERSAL DECISIONS 
IN BLACK BRANT 
 
INTRODUCTION 
Colonial breeding is a common trait across a wide variety of taxa including 
mammals, reptiles, insects and birds despite numerous negative consequences of living in 
high densities of conspecifics including increased rates of disease transmission, 
competition for food and breeding habitat, and aggressive interactions (Giroux 1981, 
Sutherland 1996, Sovey and Ball 1998, Brown et al. 2001, Forero et al. 2002, 
Rodenhouse et al. 2003, Brown and Brown 2004, Ashbrook et al. 2008).  The evolution 
of colonial breeding has been attributed to enhanced food finding (Ward and Zahavi 
1973, Wittenberger and Hunt 1985), improved predator defense (Hoogland and Sherman 
1976, Barbosa et al. 1997, Van Dellen unpublished data) and, most recently, as important 
centers for the distribution of social information (Evans et al. 2015).   
Individuals maintain the general geographic area of a colony over time through 
high rates of fidelity to breeding colonies (Lindberg 1995, Fernández-Chacón 2013), 
although densities may vary in specific subsections of colonies due to within-colony 
dispersal.  Additionally, first time breeders may settle in specific sections of colonies, 
resulting in shifts in nesting dispersion.  Therefore, it is possible that colony spatial 
dynamics are driven by the cumulative effects of individual decisions to disperse within 
the colony in year t + 1 based on the information gathered on the colony in year t. 
Decisions based on information from prior experience are expected to produce 
higher fitness than those made in the absence of information (Doligez et al. 2004b).  
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Information may come from a variety of sources including (1) personal experience, 
known as private information (Serrano et al. 2001), (2) environmental conditions such as 
resource availability and presence of predators (Marzluff 1988), and (3) cues about the 
performance of conspecifics, known as public information (Valone and Giraldeau 1993; 
Clobert et al. 2001; Doligez et al. 2004a).  To select an optimal breeding site, individuals 
may balance the three types of information to make the most informed decision, yet the 
value of information provided by different cues may vary greatly (Clobert et al. 2001).  
Public information has been shown to be a particularly valuable cue about local patch 
quality for breeding habitat choice but only in cases when the environment is relatively 
predictable. Different species of birds use different sources of both private and/or public 
information when making decisions about dispersal and settlement.  Increased dispersal 
following reproductive failure among neighboring conspecifics is common in a variety of 
bird species (Boulinier and Danchin 1997, Danchin et al. 1998, Brown et al. 2000, 
Dolgiez et al. 2002, Rioux et al. 2011).  
A long-term investigation of Black Brant (Branta bernicla nigricans; hereafter 
brant) population dynamics, including nest observations, banding and resighting efforts, 
began in 1984 on the Tutakoke River brant colony (hereafter TRC) in western Alaska 
(Sedinger 1990).  In the early 1990’s researchers noticed a significant shift in the 
distribution of brant nests from the area of the colony south of the Tutakoke River to the 
area north of the river (Sedinger unpublished data).  Furthermore, there are significant 
differences in nest survival rates between the northern and southern areas of the colony 
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during the period of our long-term study mainly due to periodic cycles of arctic fox 
(Vulpes lagopus) predation (Van Dellen 2016).  
We used a multistate approach in Program MARK to estimate inter-annual 
movement probabilities between the southern and northern areas of the TRC.  We 
hypothesized that brant responded to differences in breeding success between the two 
areas by shifting nest site locations away from areas that experience high fox predation 
rates (i.e. from the southern TRC to the northern TRC).  
METHODS 
Study Area 
The study area is just north of Hazen Bay in the central portion of the Yukon-
Kuskokwim Delta, on the Tutakoke River (61°15’N, 165°36’W). The TRC is one of 4 
brant colonies on the Yukon Delta National Wildlife Refuge and has been the focus of a 
long-term study on brant nesting ecology and demography (1984 – current). Brant are a 
relatively small (approx. 1.5 kg) sea goose with a relatively long life span (average 12 
years, maximum 27 years) and females demonstrate high levels of fidelity to their natal 
colonies (Sedinger et al. 2008).  
The TRC covers roughly 12 km
2
 near the confluence of the Tutakoke and 
Kashunuk Rivers on the edge of the Bering Sea. We divided the TRC into two 
geographic areas, the northern colony and the southern colony. The two areas are 
physically separated by the Tutakoke River and are characterized by significantly 
different geomorphology, producing very different surface forms and ecological 
characteristics in the two strata (Jorgenson 2000). The northern colony contains delta 
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active-floodplain deposits and tidal flats and is dominated by brackish wet sedge 
meadows, brackish levee moist herb meadows, brackish wet sedge-shrub meadows 
interspersed with barren tidal flats, and is dominated by graminoids and forbs (Jorgenson 
2000). The southern colony is an area of inactive floodplain, consisting mostly of 
brackish wet sedge-shrub meadows, slightly brackish shallow open water with minor 
amounts of slightly brackish depression wet sedge meadows and contains a wide range of 
species and growth forms including Carex ramenskii, Argentilla (=Potentilla) egedii, Poa 
eminens, and Calamagrostis deschampsioides (see Tables 4 & 6 in Jorgenson 2000 for 
specific differences in vegetation in the two areas).   
Field Methods 
From 1992 to 2015 we located nests of brant previously marked with tarsal tags 
(Sedinger et al. 1995) on the TRC using two techniques. We systematically searched 100 
m diameter plots (n = 49) placed randomly across the TRC every 4 days from the 
beginning of nest initiation until the end of egg laying. We searched plots on a four day 
schedule until egg laying was complete.  While traveling between plots, we also searched 
for nests of brant previously marked with tarsal tags.  We intensified our search effort for 
nests of marked brant across the TRC during late incubation.  
Brant nests were marked with two types of nest markers labeled with a unique 
nest number. A 0.5 m bamboo stake with a 10 x 10 cm placard was placed approximately 
one meter to the north of the nest and a small wooden tongue depressor was sunk into the 
outer edge of the nest bowl in case the bamboo nest marker was lost. Nests were checked 
periodically throughout the incubation period and checked again one to three days before 
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nests began hatching. We made a final visit to the nest after the family group had left for 
the brood rearing grounds to ascertain nest fate.  Nests were considered successful if at 
least one egg hatched, as indicated by the presence of egg shell caps and/or 
unvascularized membranes. We noted the band number of the attending female and 
recorded the location of each nest as either in the northern or southern area of the TRC.  
Since the start of the long term study we have captured brant during the adult 
remigial molt about a month after the peak of hatch on brood rearing areas adjacent to the 
TRC (Sedinger et al. 1997). We herded flightless brant into holding pens and banded 
each unmarked individual brant with a metal U. S. Geological Survey band and a 
uniquely engraved three-character plastic leg band (2.5 cm wide) which we used to 
identify individuals during subsequent encounters.  
All research efforts were conducted in compliance with the Guidelines to the Use 
of Wild Birds in Research and were approved by the Institutional Animal Care and Use 
Committees of the University of Alaska Fairbanks and the University of Nevada Reno. 
Most recent protocol number 00056. 
Statistical Analysis 
Our main objective was to estimate the probability of breeding dispersal by adult 
female brant between two distinct areas (strata) of the colony that were characterized by 
different nest success during our long term study.  We used mark-recapture data collected 
during 1992 – 2015 and a multistate recaptures-only model in Program MARK (White 
and Burnham 1999) to estimate movement probabilities between the northern and 
southern areas of the TRC. Multistate models allow individuals to move between states 
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(physical or biological) with transition probabilities (hereafter “movement” probabilities, 
ψ) condition on survival (S) and adjusted for detection probability (p) (Hestbeck et al. 
1991, Brownie et al. 1993).  Multistate models are an extension of traditional Cormack-
Jolly-Seber (CJS) models that estimates two distinct components: 1) the probability that 
an individual survives from time t to time t + t, given that it is in stratum r at time t; and 
2) the conditional probability that an animal in stratum r at time t is in stratum s (i.e., the 
individual has moved between the strata) at time t + 1.  As with CJS models, permanent 
emigration and mortality are cofounded, but between-state movement is accounted for.  
In addition to standard CJS assumptions (see Lebreton et al. 1992 for detailed explanation 
of assumptions), multistate models assume that annual mortality occurs prior to change in 
state and that all individuals change in state at the same time.  We believe that this is a 
reasonable assumption because all individuals select nest sites in mid-May upon arrival 
on the breeding grounds and that an insignificant amount of mortality occurs between 
breeding dispersal and resighting of individuals at nests.  
We created an annual covariate for each stratum (northern TRC and southern 
TRC) based on the apparent nest success for the plot nests in each stratum (Table 4-1, 
“nest success”).  Apparent nest survival was calculated as the total number of successful 
nests in the plots in each stratum in each year divided by the total number of nests in the 
plots in each stratum that year.  We also calculated a covariate that captures the 
difference between nest success in the two strata each year (Table 4-1, “Δ nest success”).  
We reasoned that the “Δ nest success” covariate would capture the expectation of 
improvement in nest success that might influence dispersal decisions.  
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RESULTS 
We analyzed recapture histories from 4,915 individual adult breeding female 
brant from the TRC from 1992 – 2015.  Apparent survival was higher in the northern 
TRC (S = 0.83; 95% CI: 0.81 - 0.84) compared to the southern TRC (S = 0.77; 95% CI: 
0.73 - 0.80; Fig. 4-1A).  Our apparent survival estimate for the northern stratum was 
similar to estimates of true adult female survival (true survival = 0.87; 85% CI: 0.85 – 
0.89; Leach unpublished data).  Detection probability was higher in the northern TRC (p 
= 0.50; 95% CI: 0.47 - 0.53) compared to the southern TRC (p = 0.36; 95% CI:  0.30 - 
0.41; Fig. 4-1B).  We were unable to estimate annual apparent survival or detection 
probabilities with full time variation for either S or p as the models did not converge.  
The probability of moving from the southern TRC to the northern TRC was 
consistently higher than the probability of moving from the northern TRC to the southern 
TRC across all years of the study (Fig. 4-2).  On average, individuals were ~3x more 
likely to disperse from the southern TRC to the northern TRC in any given year (Fig.4-2).  
In addition, the stratum-specific yearly nest success covariate improved model fit 
substantially (Table 4-1) but had opposing effects (βnest success north  = 4.60; 95% CI: 1.18 - 
8.03 ; βnest success south = -0.38; 95% CI: -2.3 -  1.5).  The beta estimate for the northern 
stratum nest success covariate was positive and confidence intervals did not overlap zero, 
indicating a positive effect of this covariate on the movement probability from the 
northern to southern TRC.  On the contrary, the beta estimate for southern stratum nest 
success covariate did not have an effect on movement probability as the confidence 
intervals overlapped zero.  We found no support for the importance of “Δ nest success” 
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covariate influencing movement probabilities based on model selection results (Table 4-
1).  
DISCUSSION  
We found that on average, individuals were ~3x more likely to move from the 
area with lower nest success (south) to the area with higher nest success (north).  
Movement probabilities between the two areas at the TRC were relatively low (<0.3) for 
all years regardless of the direction of the movement.  That said, differential movement 
from south to north was sufficient to result in substantial shifts in nest distribution as we 
have observed since at least 2000.  
 Though our beta estimates do not support the hypothesis that brant are basing 
nest site selection on area-level nest success to make within colony dispersal decisions, it 
is clear that the general pattern of within colony dispersal illustrates that brant are more 
likely to move from the area experiencing lower nest success (southern) to the area with 
higher nest success (northern) TRC over the period of our study (Fig.4-2).  It is possible 
that the level of public information (i.e. area-wide nest success) assessed in this study is 
not an accurate representation of the public information employed by an individual brant 
when making dispersal decisions.  Individuals could be reacting to public information 
experienced on temporal and spatial scales (i.e. nest success of nearest neighbors) not 
captured in the historical TRC data set. Given that we have only tracked marked 
individuals during the course of the study, nearest neighbor type analyses are not 
appropriate. Furthermore in a separate analysis of TRC nesting females Reicke et al. 
(unpublished analysis) found the failed breeders in year t have a reduced breeding 
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probability in year t + 1 compared to successful breeders (Reicke unpublished data).  This 
would result in a lagged effect of cross-colony movements not captured in our analysis.  
Lindberg et al. (1995) found that female brant moved their nest sites on average < 
200 m between years and longer movements were related to reduced availability of nest 
sites in years when spring thaw was delayed (Lindberg et al. 1997).   Lindberg et al.'s 
(1995) study was conducted during a period of relatively high nest survival (1987 – 1993; 
mean yearly apparent nest success = 0.85).  Their results, combined with those we report 
here, suggest that while brant "prefer" to nest in relatively the same location from year to 
year, they have the capacity to move in response to predation risk.   
 There are many advantages of fidelity including reduced conflict with 
conspecifics or improved kinship (Friesen et al. 1996) and improved knowledge of local 
foraging and/or habitat conditions (Greenwood and Harvey 1982).  Yet in an 
unpredictable environment, the ability to adapt and respond to a temporally and spatially 
changing environment could dramatically improve fitness.  We have shown here that 
brant are capable of breeding dispersal and in the future this flexibility may be an 
important factor as all coastal obligates will face an even more unpredictable 
environment under the predicted global change scenarios.  
Our finding that apparent survival was lower in the southern portion of the colony 
was unexpected.  Leach et al. (2016) has detected a decline in true survival of about 6% 
in the global brant population since the early 1990s, so it is possible some of the reduced 
survival of birds in the southern portion of the colony represents lower true survival.  
Apparent survival estimates, like those we report here, however, cannot distinguish 
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permanent emigration from mortality.  We suggest that the substantially lower apparent 
survival of brant nesting in the southern portion of the colony represents females not 
returning to nest for sufficiently long periods that their absence appears to be mortality 
from the perspective of the TRC.  We recognize that such behavior could only be 
beneficial if expected reproductive fitness were sufficiently low to minimize the cost of 
not breeding at all. 
In summary, there is a moderate probability of movement between the southern 
and northern TRC between consecutive nesting attempts and the direction of movement 
is skewed in favor of moving from the southern TRC to the northern TRC.  Even though 
these patterns cannot be directly tied to our chosen public information proxy, our results 
are highly suggestive that brant are moving from southern TRC and into the northern 
TRC to escape higher, chronic fox predation in the southern TRC.  Future work should 
include investigating the potential fitness correlates of dispersal in our system as many 
studies of vertebrates report dispersers have lower fitness than philopatric individuals.  
Furthermore a greater diversity of public information at a variety of spatial and temporal 
scales should be investigated in the future to anticipate how brant might respond to a 
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S p ψ ΔAICc ωi Model Likelihood K Dev
1 g. g. g * nest success 0.00 0.86 1.00 8 6616.65
2 g. g. g + nest success 5.00 0.07 0.08 7 6623.66
3 g. g. g. 7.07 0.03 0.03 6 6627.75
4 g. g. g + Δ nest success 7.26 0.02 0.03 7 6625.92
5 g. g. g * Δ nest success 9.25 0.01 0.01 8 6625.90
6 g + trend g. g. 9.36 0.01 0.01 8 6626.01
7 g. g. Δ nest success 59.65 0.00 0.00 6 6680.33
Table 4-1. Set of models used to estimate apparent survival (S ), detection probability (p ), and movement probabilities 
(ψ) of 4,195 breeding female brant on the TRC from 1992 - 2015. Parameters that have parallel (additive) relationships are 
joined by a plus sign; parameters that have independent (factorial) relationships are joined by an astrisk; a period 
indicates a time-constant model. The designation of "g" represents grouping by strata (northern TRC or southern TRC). 






Figure 4-1. (A) Apparent survival (S) and (B) detection probability (p) for 4,195 female 
brant at the TRC (1992 – 2015). Solid symbols represent estimates in the northern colony 
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and open symbols represent the southern colony.  The bars represent the 95% confidence 





Figure 4-2. Probability of interannual cross-colony movement (ψ) between the two strata 
(north and south) of the TRC.  Solid symbols represent the probability of moving from 
the northern TRC to the southern TRC and open symbols represent the probability of 
moving from the southern TRC to the northern TRC. The bars represent the 95% 
confidence intervals derived from the top model (Table 4-1).  
 
